To determine the spectrum of secreted proteins that are present in the extracellular space of early Xenopus embryos, a direct secretion screen was performed. Surprisingly, 24% of previously identi®ed bona ®de secretory proteins corresponded to four secreted Wnt antagonists of the same family: frzb-1, sizzled, sfrp-2 and crescent. sfrp-2 and crescent are novel components of the growing cocktail of growth factor antagonists secreted by Spemann organizer cells in Xenopus. Crescent is ®rst expressed at blastula, de®ning a deep endodermal region that may be homologous to the avian hypoblast. Unlike other members of this family of inhibitors, microinjection of crescent mRNA causes the development of cyclopic embryos, even though the amount of anterior neural tissue is normal. In crescent-injected embryos, studies with speci®c markers indicate that morphogenetic movements of the anterior midline are abnormal, resulting in a more posterior location of prechordal plate and ventral forebrain markers with respect to the developing eye ®eld. The results are discussed in light of recent ®ndings in zebra®sh and Xenopus that suggest that Wnt signaling through non-canonical (non-b-catenin dependent) pathways plays a pivotal role in the regulation of morphogenetic movements. q
Introduction
Pattern formation and morphogenesis in vertebrates is controlled by signals emanating from a group of cells on the dorsal side of the gastrula known as the Spemann organizer. Cells of the dorsal blastopore lip in amphibians, the embryonic shield in ®sh, and the node in amniotes have the ability to generate an ectopic secondary axis, when grafted into the ventral side of a host embryo (reviewed by Nieto, 1999) . Many secreted factors have been isolated, in particular from Xenopus, which mimic the organizer activity and regulate dorsoventral and anteroposterior patterning (for review see De Robertis et al., 2000) . Notably, many of these act as antagonists of transforming growth factor-b (TGF-b) and Wnt proteins. Chordin and Noggin exert dorsalizing activity through direct interaction with bone morphogenetic proteins (BMPs, Piccolo et al., 1996; Zimmerman et al., 1996) . Frzb-1 can dorsalize by binding and thereby inhibiting Xwnt-8 (Leyns et al., 1997; Wang et al., 1997) . Antagonism of BMP, Nodal, and Wnt signaling is suf®cient to induce heads, an activity which is mimicked by the multivalent inhibitor protein Cerberus (Glinka et al., 1997; Piccolo et al., 1999) and by the Wnt antagonist Dickkopf in synergy with BMP inhibitors (Glinka et al., 1998) .
Wnt genes encode a large family of cysteine-rich glycoproteins that regulate cell fate and cell behavior. Wnt signaling is involved in axis formation, myogenesis, neural development, organogenesis, and oncogenesis (for reviews see Moon et al., 1997; Cadigan and Nusse, 1997) . In vertebrates, 20 members of the Wnt family have been identi®ed (see wnt webpage at http://www.stanford.edu/trnusse/ wntwindow.html). Based on overexpression experiments in Xenopus, Wnt proteins can be functionally divided into two subgroups. First, Wnt-1, Wnt-2, Wnt-3A, Wnt-8 and Wnt-8B (referred to collectively as the Wnt-1 subgroup) induce complete duplication of the embryonic axes when injected as mRNA into the ventral side of frog embryos. Second, Wnt-4, Wnt-5A, and Wnt-11 differ from members of the Wnt-1 subgroup in that they have only weak or no axis inducing activity. Instead, members of this Wnt-5A subgroup affect morphogenetic movements during gastrulation and may antagonize members of the Wnt-1 class Tada and Smith, 2000; Wallingford et al., 2000) . The Wnt-1 or canonical Wnt signaling pathway is well characterized and involves activation of the cytoplasmic protein Dishevelled, inhibition of glycogen synthase kinase 3 (GSK-3), and nuclear accumulation of b-catenin resulting in activation of Wnt target genes (Cadigan and Nusse, 1997) . In contrast, Wnt-5A and functionally related Wnts do not signal through the canonical Wnt pathway (Slusarski et al., 1997; Liu et al., 1999; Medina et al., 2000; Tada and Smith, 2000; Heisenberg et al., 2000; Wallingford et al., 2000) .
Wnt proteins bind and activate signaling through cell surface receptors of the Frizzled family. At least 11 Frizzleds are known in vertebrates . Frizzled receptors consist of an extracellular Wnt-binding domain, seven transmembrane-spanning sequences, and an intracellular C-terminal tail. The extracellular domain contains a conserved cysteine-rich domain (CRD) that is suf®cient to bind Wnt proteins (Bhanot et al., 1996) . The regulation of Wnt binding to Frizzled receptors is a key restriction point in Wnt signaling. Interestingly, Frzb-1 has an amino-terminal CRD but lacks the membrane-spanning sequences and intracellular domain, and is secreted (Hoang et al., 1996; Leyns et al., 1997; Wang et al., 1997) . It antagonizes the activity of Wnt-1 type Wnts by sequestering the ligands in inactive complexes (Leyns et al., 1997) . Frzb-1 (also known as sFRP-3 and Fritz) was the founder of a large family of soluble CRD-containing proteins that include sFRP-1 (also known as FrzA, SARP2), sFRP-2 (also termed SDF-5, SARP1), sFRP-4, SARP3, Sizzled, and Crescent (Ladher et al., 2000 and references therein) . Three additional and structurally unrelated families of soluble Wnt antagonists have been identi®ed in vertebrates. Cerberus is a cysteine-knot secreted protein with an amino-terminal Xwnt-8 binding domain (Bouwmeester et al., 1996; Piccolo et al., 1999) unrelated to other proteins. Wnt-inhibitory factor-1 (WIF-1) represents a Wnt binding protein also of entirely different sequence organization (Hsieh et al., 1999) . Dickkopf (Dkk) contains cysteinerich regions distinct from CRDs and antagonizes Wnt activity in Xenopus (Glinka et al., 1998) .
To study the full panoply of signaling components active in the extracellular space, we performed an unbiased screen for proteins secreted in the early Xenopus embryo. We present a novel method designated secretion cloning that allows one to identify cDNAs solely based on their ability to be secreted by transfected cells. We isolated 50 secreted proteins previously known in Xenopus or other vertebrates and 17 additional cDNAs that encoded novel proteins; these will be described elsewhere. Surprisingly, 24% of the known cDNAs were accounted for by four different Wnt antagonists of the Frzb-1 type. Two of them, sFRP-2 and crescent, had not been previously described in Xenopus.
In this study, we focus on the novel Xenopus crescent gene. At blastula stages crescent expression demarcated an endodermal region that may de®ne the amphibian homologue of the chick hypoblast. At gastrulation, crescent expression overlapped with frzb-1, ®rst in the dorsal blastopore lip and then in anterior endoderm and prechordal plate. We analyzed the biological activities of crescent and frzb-1 by mRNA injection and found that they have opposite effects on anterior head development. Unlike frzb-1, overexpression of crescent caused cyclopia. By means of molecular markers, we could demonstrate that in crescent-, but not in frzb-1-injected embryos, prechordal plate cells did not properly form and failed to migrate anteriorly, providing an explanation for the cyclopic phenotype. The results suggest that secreted antagonists of the same family can have distinct, as well as overlapping, effects on their Wnt targets in the gastrulating embryo.
Results

Isolation of extracellular proteins by secretion cloning
To explore the complexity of the extracellular space in the early frog embryo we developed a new screening method that enables one to isolate directly full-length cDNAs encoding secreted proteins in an unbiased manner (Fig. 1A) . Bacterial colonies from cDNA libraries constructed in cytomegalovirus (CMV) promoter-based expression plasmids were cultured individually in 96-well plates. Cultures from 16 clones were pooled, and plasmid DNA prepared. 293T cells grown in 24-well plates were transfected with these cDNA pools, and 36 h later labeled with 35 S methionine and cysteine in serum-free medium. Heparin was added exogenously to facilitate the release of proteins bound to the cell surface. After labeling for another 36 h, proteins secreted into the culture medium were separated by gel electrophoresis and identi®ed by autoradiography as distinct bands (or smears, depending on their degree of glycosylation), as shown in Fig. 1B . Positive clones were individualized in a second transfection step by sib-selection (see Section 4.2).
We analyzed approximately 90 000 clones from gastrula and cleavage stage Xenopus libraries. Fifty of the isolated clones encoded known secreted proteins, which had been identi®ed previously in Xenopus or other vertebrates. These proteins, together with 17 novel proteins identi®ed by this procedure, will be presented elsewhere (E.M. Pera, S.L. Martinez, O. Wessely and E.M. De Robertis, in preparation). In addition, 58 proteins known to be involved in the endoplasmatic reticulum, Golgi apparatus or lysosomal secretory pathways were also isolated. The secretion cloning method is a relatively unbiased way to examine the spectrum of secreted proteins in the early embryo; the only requirements are that they are secreted into the culture medium and that they contain cysteine or methionine. The fact that all clones are full-length allows one to immediately characterize the proteins in functional assays using synthetic mRNAs microinjected into Xenopus embryos.
Isolation of four putative soluble Wnt antagonists
Interestingly, of the 50 known secreted proteins 12 were putative Wnt antagonists of the Frzb-1 type (24%). Four different genes were isolated, two of which were the previously described frzb-1 (Leyns et al., 1997; Wang et al., 1997) and sizzled (Salic et al., 1997) and two others were novel for Xenopus. One gene (GenBank accession number AF255339) was closely related to the secreted frizzled-related protein-2 (sfrp2) which has been characterized previously in human, mouse, and chick (sdf-5, sarp-1; Ladher et al., 2000 and references therein). The other gene had high similarity with chick crescent (Pfeffer et al., 1997) . We isolated three copies of frzb-1, ®ve of sizzled, three of sfrp-2, and one of crescent. All 12 clones had different 5 H ends and were therefore non-redundant. They encoded secreted proteins of a similar molecular weight of approxi- Evolutionary relationships of the Wnt antagonists Crescent, Frzb-1, Sizzled and sFRPs deduced from comparisons of the CRDs. Proteins displaying the greatest sequence similarity cluster together, and branch lengths are proportional to distance (alignments generated by MacVector Program). GenBank accession numbers for the sequences: Xenopus Crescent, AF255340; chick Crescent, AF006508; Xenopus Sizzled, AF059570; Xenopus FzA, AF049908; Xenopus Frzb-1, U68059; mouse sFRP1 (FzA orthologue), U88566; mouse sFRP2, U88567; mouse sFRP3 (Frzb-1 orthologue), U88568; mouse sFRP4, AF117709; mouse sFRP5, AF117759. mately 30 kDa. Fig. 1B shows the pool of cDNAs that initially identi®ed crescent cDNA in our screen.
The experiments reported here are concerned mainly with the novel Xenopus gene crescent. This clone contains a 2.9 kb insert that includes the entire coding region as well as 51 bp of 5 H untranslated region and almost 2 kb of 3 H untranslated sequence (GenBank accession number AF255340). The open reading frame consists of 295 amino acids, including a hydrophobic signal sequence at the 5 H end and a cysteine rich domain (CRD) including ten conserved cysteine residues with invariant spacing (Fig. 2A) . The amino acid sequences of Xenopus and chick Crescent were 88% identical within the CRD. Among the other CRD-containing proteins, Sizzled is the closest homologue with 61% identity, and Frzb-1 is more distantly related with 40% identity in the CRD (Fig. 2B ).
Divergent expression patterns of crescent, frzb-1, sfrp-2 and sizzled
To compare the expression of the four secreted Wnt antagonists during early Xenopus development, in situ hybridization was performed on whole embryos, thereby expanding on previously published studies on frzb-1 (Leyns et al., 1997) and sizzled (Salic et al., 1997) . This analysis revealed that crescent, frzb-1, sfrp-2 and sizzled were expressed in overlapping as well as in distinct areas. No transcripts of the Wnt antagonists were detected before midblastula (data not shown).
At the onset of gastrulation, all four Wnt antagonists were expressed in restricted domains of the blastopore margin (Fig. 3A±D) . crescent, frzb-1, and sfrp-2 were con®ned to the dorsal side whereas sizzled was expressed ventrally. Thus, the expression of crescent and sfrp-2 in the dorsal blastopore lip adds two additional components to the cocktail of antagonists secreted by Spemann organizer. In addition, sfrp-2 showed an expression domain in the dorsal animal cap or prospective neuroectoderm (Fig. 3C) .
By the early neurula stage, the expression of crescent and frzb-1 overlapped in the anterior endoderm and prechordal plate (Fig. 3E,F) . The anterior endoderm and prechordal plate are anterior midline structures derived from the dorsal blastopore lip. In contrast, sfrp-2 transcripts were abundant in the neural plate but were excluded from the midline that gives rise to the¯oor plate ( Fig. 3G ). High levels of sfrp-2 expression were detected anteriorly in the presumptive forebrain and in the posterior neural plate, while the prospective midbrain and anterior hindbrain showed signi®cantly weaker expression (Fig. 3G) . sizzled was expressed in the ventral mesoderm including the heart-forming region and the ventral part of the closing blastopore lip (Fig. 3H) .
By early tailbud stage, crescent and frzb-1 continued to be expressed in the anterior endoderm and prechordal plate (Fig. 3I,J ). In addition, crescent now showed an additional expression domain in the pronephros (Fig.  3I ). sfrp-2 transcripts were detected in the eyes, the neural tube, somites, and in a belt along the anterior trunk region (Fig. 3K) . sizzled expression remained restricted to the ventral belly, including the heart anlage ( Fig. 3L ; Salic et al., 1997) . Thus, the four Wnt antagonists analyzed showed zygotic expression in spatially restricted areas, which overlapped in parts but were also distinct from each other in the early embryo.
Dynamic expression of crescent during early Xenopus development
To analyze the expression of the crescent gene in more detail, we performed in situ hybridization in hemisectioned embryos, a method that improves the access of the hybridization reagents to deep tissues (Fig. 4) . crescent mRNA was ®rst detected at late blastula: at stage 9 positive nuclei were scattered in the vegetal cell mass near the¯oor of the blastocoel with highest levels dorsally (Fig. 4A ). The expression soon concentrated in the dorsal margin and extended downward ( Fig. 4B,C) , perhaps following the vegetal cell rotation recently described by Winklbauer and Schu Èrfeld (1999) . This early expression domain of crescent at the blastula stage ( Fig. 4A ,B) may be homologous to the previously described initial phase of expression of chick crescent in the anterior hypoblast (Pfeffer et al., 1997; see Section 3.2) .
At the onset of dorsal lip formation (stage 101), an additional domain of crescent expression appeared in the deep layer of the dorsal blastopore lip (Fig. 4D ). These cells involute and migrate anteriorwards to segregate into the anterior endoderm and prechordal plate (Figs. 3E and 4E,F; Keller, 1976) . However, the leading edge of the endoderm, which gives rise to liver tissue (Bouwmeester et al., 1996) was devoid of crescent mRNA at this stage ( Fig. 4E) . At late neurula stage, expression was evident in anterior foregut endoderm below the head fold and in the prechordal plate underlying the prospective forebrain and eyes (Fig.  4G) . Expression in the head region was undetectable at tailbud stage (Fig. 4H ). Concomitantly, a new domain of crescent expression demarcated the pronephros. This bilateral domain, ®rst visible in the late neurula ( Fig. 3I ) was strongly apparent at tailbud stage (Fig. 4H ). We note that crescent expression in the primordium of the kidney has not yet been reported in the chick or any other vertebrate (Pfeffer et al., 1997) . Given the multitude of Wnt proteins involved in kidney development (Vainio et al., 1999) , the late expression of the crescent gene suggests it might contribute to kidney morphogenesis by acting as a putative Wnt antagonist. In summary, the early crescent expression in frog is dynamic and demarcates ®rst the dorsal yolkey endoderm, then the organizer and its derivatives, and ®nally the pronephros.
Overexpression of crescent, but not frzb-1, causes cyclopia
The overlapping expression domains of crescent and frzb-1 in the dorsal blastopore lip, anterior endoderm and prechordal plate were highly suggestive of redundant roles during development. To test this, we microinjected synthetic mRNAs into Xenopus embryos and evaluated their effects at the tadpole stage (stages 40±43; Fig. 5) . Surprisingly, both genes caused very different phenotypes.
Microinjection of crescent RNA, into the margin of each blastomere at the 4-cell stage (`radial injection') in a total amount of 400±800 pg, gave rise to cyclopic embryos (Fig.  5B ,C,F) with a frequency of 76% (n 182). The nasal placodes were fused above the single eye (Fig. 5B , arrowhead) or were entirely absent (Fig. 5C) . A mouth opening was missing. The cement gland, which is regarded as the most anterior head structure in frog embryos, was either reduced (Fig. 5B) , or in severe cases not formed at all (Fig. 5C ). The pigmentation of the body was diminished (Fig. 5F ). Higher doses of radially injected crescent RNA (.800 pg) interfered with gastrulation, impaired involution movements, and resulted in exogastrulated embryos (data not shown). Microinjection of 100±400 pg crescent RNA into the two dorsal blastomeres resulted in a cyclopic phenotype with reduced or absent cement glands at a similar frequency (70%; n 108; data not shown). Thus, the dorsal side of the embryo is the region responsive to crescent overexpression. By injecting high doses of crescent RNA (4 ng) into the animal pole the exogastrulation phenotype could be overcome and 96% of the embryos were cyclopic (n 46), although the cement glands were less affected. In addition, at these high doses the body axes tended to be shortened and the trunk and tail reduced (data not shown). Thus, overexpression of crescent mRNA resulted mainly in head midline defects, such as fusion of the eyes and reduction or loss of the cement gland.
The effects of frzb-1 mRNA on head development were strikingly different. Radial injection in a total amount of 400±800 pg led to eye enlargement but never to cyclopia (n 42; Fig. 5D ,G). The spacing of the eyes was unaffected or increased. The pigmented area of each eye (retina) was often restricted to the dorsal part, leaving an unpigmented ventral ®ssure (Fig. 5G ). This phenomenon, known as coloboma, can be interpreted as a dorsal expansion of the optic stalk at the expense of the retina. The two nasal placodes and the mouth opening were broadened, and the size of the cement gland signi®cantly enlarged (Fig. 5D ). At these concentrations, the length of the axis was only slightly reduced (Fig. 5G ). Higher doses of frzb-1 RNA (4 ng) led to more severe reductions of trunk and tail structures similarly as reported previously (n 11; data not shown; Leyns et al., 1997) , and also as observed at high doses of crescent. Irrespective of the dose, however, injection of frzb-1 RNA never resulted in cyclopic embryos, in marked contrast to crescent injections.
Crescent and Frzb-1 are structurally rather divergent (Fig.  2B) . How do other CRD-containing Wnt antagonists, which are more related to Crescent, affect anterior head develop- ment? Injection of sfrp-2 RNA (400±800 pg total) radially into the 4-cell stage embryos resulted in embryos with shortened axes but no cyclopia (n 13; data not shown). Sizzled displays the highest homology to Crescent in the CRD (Fig. 2B) . However, cyclopia is not seen in injections with sizzled RNA (Salic et al., 1997 and our unpublished observations) . Thus, the effect of crescent mRNA on anterior midline development and eye formation is unique among the CRD-containing Wnt antagonists tested so far. We conclude from these results that, despite being expressed in overlapping domains in the prechordal plate and anterior endoderm, Crescent and Frzb-1 display opposite activities on head development. In microinjection experiments, crescent, but not frzb-1, leads to cyclopia. crescent mRNA reduces anterior structures (cement gland, mouth, nose, eyes), whereas frzb-1 enlarges them.
Ectopic crescent expression does not reduce, but rather enhances anterior CNS development
To investigate whether the crescent-induced cyclopia phenotype re¯ects an early reduction of anterior brain tissue, we performed in situ hybridization of injected and control embryos at the neurula stage with the molecular markers Otx-2 and krox-20. Otx-2 is an anterior marker that demarcates the developing forebrain, midbrain, and cement gland (Pannese et al., 1995) , whereas the posterior marker krox-20 marks rhombomeres 3 and 5 of the prospective hindbrain (Nieto et al., 1991;  Fig. 6A ). After injection with crescent mRNA at the 4±8 cell stage, either radially or into the animal pole, the Otx-2 expression domain was, to our surprise, enlarged (Fig. 6B) . A similar effect could be observed after radial RNA injection of frzb-1 (data not shown). The posterior stripe of krox-20 in rhombomere 5 was consistently lost after radial or animal injection of crescent (Figs. 6B and 7H) . We observed the same loss of expression in rhombomere 5 in embryos radially injected with frzb-1 (Fig. 7I) . Similar effects on krox-20 expression were also reported in the case of microinjection of a dominant negative Xwnt-8 (McGrew et al., 1997) . These results suggest that crescent stimulated, rather than suppressed, anterior CNS development. The observation that krox-20 was speci®cally decreased in rhombomere 5 by crescent, frzb-1, and dn-Xwnt-8 suggests that these molecules are likely to affect common Wnt signals in the neural plate, in addition to the distinct effects that led to cyclopia in the case of crescent.
To analyze direct effects of crescent and frzb-1 on the ectodermal germ layer, we performed animal cap assays and reverse transcription polymerase chain reaction (RT-PCR) after co-injection with the BMP antagonist chordin (Fig. 6C) . chordin triggers anterior neural differentiation in animal cap ectoderm, which would otherwise form epidermis (Sasai et al., 1995) . Neural induction was monitored by the expression of the pan-neural marker N-CAM in injected animal caps explanted at blastula stage and cultured until siblings reached the tailbud stage (stage 27). In three independent experiments, crescent and frzb-1 RNA (4 ng each) did not induce N-CAM on their own, but potentiated the expression of N-CAM, when co-injected with chordin RNA (400 pg). This synergistic effect on neural induction occurred in the absence of mesoderm formation, as shown by the lack of expression of the mesodermal marker a-actin. Thus, crescent, like frzb-1, dorsalized ectoderm directly, favoring neural differentiation in the absence of mesoderm induction. In conclusion, the cyclopic phenotype caused by overexpression of crescent is accompanied by an increase of anterior neural markers. This rules out the possibility that the fusion of the eyes is due to a reduction of forebrain tissue. Embryo injected with 4 ng crescent mRNA into the animal pole; the Otx-2 fore-and midbrain domain is enlarged; note that the posterior expression is continuous and not interrupted by a gap as in the uninjected sample. The anterior krox-20 stripe in rhombomere 3 is wider and stripe 5 is missing; Otx-2 staining in anterior endoderm is decreased (C) crescent or frzb-1 in combination with chordin promote dorsalization of the ectoderm (neural induction) in the absence of mesoderm. Animal caps were excised from injected embryos at stage 9, cultured until stage 27 and assayed by RT-PCR. N-CAM is a pan-neural marker, aactin is a marker for mesoderm induction, and EF-1a a loading control.
Overexpression of crescent, but not frzb-1, reduces the anterior midline
To analyze the phenotypes observed by overexpression of crescent and frzb-1, we used a battery of molecular markers. 4-8 cell stage embryos were injected four times radially with 400±800 pg mRNA and analyzed by in situ hybridization at the early neurula stage (Fig. 7) .
The rx-2a homeobox gene demarcates the early eye ®eld (Mathers et al., 1997) . In uninjected embryos the expression domain is horseshoe-shaped with a posterior indentation that indicates the splitting of the eye ®eld along the midline (Fig.  7A) . After injection of crescent RNA, the rx-2a expression domain was signi®cantly smaller and not indented posteriorly (Fig. 7B, n 12) . In contrast, injection of frzb-1-mRNA caused a broadening of the rx-2a domain (Fig. 7C, n 11) . Similar results were obtained with another early eye ®eld marker, pax-6 (Hollemann et al., 1998 ; data not shown). The vax-1 homeobox gene is speci®cally expressed in the developing ventral forebrain and optic nerve at the anterior-most neural plate (Hallonet et al., 1999 ; Fig. 7D ). crescent-injected embryos completely lacked vax-1 transcripts (Fig. 7E , n 11), whereas overexpression of frzb-1 did not alter the expression (Fig. 7F, n 9) . Taken together, the early effects of microinjected crescent and frzb-1 mRNA on the eye and ventral forebrain speci®c markers rx-2a, pax-6, and vax-1 pre®gure the morphological phenotypes shown in Fig. 5 .
Transplantation and explantation studies in amphibians and amniotes have demonstrated a pivotal role of the prechordal plate in the splitting of the eye ®eld and generation of the ventral diencephalon (Pera and Kessel, 1997 and references therein; Camus et al., 2000) . Experiments in ®sh and chick have further demonstrated that the anterior progression of midline cells in the overlying ectoderm also contributes to the generation of two separate eyes (Varga et al., 1999; Dale et al., 1999) . To investigate how crescent interferes with the splitting of the eye ®eld, we examined the expression of molecular markers along the embryonic midline.
sonic hedgehog (shh) demarcates axial structures in all three germ layers, namely the anterior endoderm, prechordal plate, notochord,¯oor plate and the ventral forebrain anlage (Ekker et al., 1995; Fig. 7G) . To assess the anteroposterior extent of the midline, we used shh in combination with krox-20 as a hindbrain landmark. Strikingly, the anterior shh expression domain was absent in crescent-injected embryos ( Fig. 7H; n 10) . No expression was detectable in anterior endoderm, prechordal plate and overlying ventral forebrain, as deduced from the reduced distance between the anterior tip of the shh positive axis and the rhombomere 3 krox-20 stripe. On the other hand, frzb-1 had no detectable effect on shh expression in the ventral forebrain but rather enlarged the underlying prechordal plate, as indicated by histological sections of the embryos (Fig. 7I and data not  shown) . In addition, overexpression of crescent mRNA broadened the shh-expressing region posteriorly (Fig. 7H) . A similar broadening was observed with frzb-1 RNA ( Fig.  7I; n 11) . Sections of the specimens revealed that thē oor plate and notochord were enlarged (data not shown).
We used noggin as a speci®c marker of the notochord and prechordal plate. noggin has the additional advantage that it ®nely demarcates the anterior margin of the neural plate ( Fig. 7J ; Knecht and Harland, 1997) , allowing one to monitor precisely the extent to which midline structures underlie the anterior neural plate. crescent mRNA injection broadened the axial expression of noggin posteriorly ( Fig. 7K ; n 15), as did frzb-1 (Fig. 7L; n 7) , indicating a thickening of the notochord. Importantly, the distance between the anterior tip of the midline and the anterior border of the neural plate was increased by crescent RNA injection (Fig. 7K) , whereas the same distance appeared shorter when frzb-1 was injected (Fig. 7L) . Thus, in crescent injected embryos, the prechordal plate is located more posteriorly than in normal development (Fig. 7K) .
Finally, we also used goosecoid (gsc) as a marker for anterior endoderm and prechordal plate (Steinbeisser and De Robertis, 1993; Fig. 7M) . crescent overexpression signi®cantly reduced gsc transcript levels ( Fig. 7N ; n 16). Weak expression was con®ned to the more posteriorly located midline, marking the remaining prechordal plate cells. The expression of gsc in the anterior endoderm can be seen anterior to the prechordal plate spot in wild-type embryos, but not in crescent-injected embryos (Fig. 7M,N) . On the other hand, frzb-1 injection enlarged the prechordal plate and anterior endoderm marked by gsc ( Fig. 7O ; n 6). This increase in prechordal plate tissue is supported by increases in noggin and shh anterior expression (Fig.  7I ,L, and data not shown).
In conclusion, overexpression of crescent, but not of frzb-1, results in a more posterior location of the ventral midline of the CNS and the underlying axial mesendoderm. From our molecular marker study we conclude that injected crescent mRNA suppresses rostral midline structures (anterior endoderm, prechordal plate, and ventral forebrain), whereas overexpressed frzb-1 increases parts of them (prechordal plate). The more posterior location of the remaining axial mesendoderm provides an embryological explanation for the occurrence of cyclopia in crescent-injected embryos.
Discussion
Soluble Wnt antagonists are very abundant in the early Xenopus embryo
We set out to screen for secreted proteins in order to explore the composition of the extracellular space in the early Xenopus embryo. One important ®nding was the high prevalence of putative soluble Wnt antagonists of the Frzb-1 type, which constituted 24% of the known secreted cDNAs isolated. Wnt signaling in Xenopus and other vertebrates is in¯uenced by the local expression of speci®c Wnts, their receptors, and antagonists (reviewed by Gradl et al., 1999) . Our comparative expression study revealed distinct expression patterns for four structurally related Wnt antagonists (Fig. 3) . As apparent at gastrula and neurula stages, crescent, frzb-1 and sfrp-2 are dorsally expressed, whereas sizzled transcripts are located ventrally. Among the dorsal group, crescent and frzb-1 are expressed in the anterior midline, whereas sfrp-2 is excluded from the midline. These distinct expression patterns suggest that the spatial distribution of secreted Wnt antagonists in the embryo is tightly controlled.
A hypoblast in the frog?
The chick crescent gene is expressed ®rst in the hypoblast and only subsequently in the prechordal plate and anterior endoderm (Pfeffer et al., 1997) . The initial expression of crescent in the Xenopus blastula allowed us to identify a region that we propose may be homologous to the hypoblast in amniotes. The hypoblast is a transient structure, which is formed as the inner sheet of the two-layered blastoderm. In chick, the hypoblast is composed of primary and secondary hypoblast cells. The primary hypoblast forms by polyingression of cells from the epiblast. The islands of primary hypoblast cells are joined by secondary hypoblast cells emerging from the posterior margin (Koller's sickle) to form a continuous one-cell thick sheet which is called the hypoblast (Stern, 1990; Eyal-Giladi et al., 1992) . Once gastrulation starts with the formation of the primitive streak at Koller's sickle (Izpisu Âa-Belmonte et al., 1993) , cells from the anterior tip (Hensen's node) insert themselves into the center of the hypoblast sheet. These cells, which will form the endoderm and mesoderm, then displace the hypoblast to the periphery. By the end of gastrulation, the hypoblast cells end up in the anterolateral arc designated as the germinal crescent (from which crescent derived its name). These cells do not contribute to the embryo, but form the extraembryonic yolk sac (for review see Lemaire and Kessel, 1997) .
To our knowledge a hypoblast-like structure in amphibians has not been characterized yet. The amphibian`hypoblast' would be expected to be located near the dorsal blastopore lip where mesendoderm cells start to involute. The crescent gene should be an appropriate marker to identify the hypoblast in Xenopus because of its speci®c expression in the anterior half of the chick hypoblast (Pfeffer et al., 1997) . The earliest crescent expression after mid-blastula transition was observed in dorsal yolky cells near the¯oor of the blastocoele (Fig. 3A) , and persisted until the onset of gastrulation. The transient expression in the dorsal yolky cells at the site where cells from the outer layer are about to involute is reminiscent of the crescent expression in the anterior hypoblast of the chick. Both expression domains demarcate regions inside the embryo which serve as a substratum that is then split by the advancing mesendoderm originating from Koller's sickle or the deep cells of the dorsal blastopore lip. It is therefore possible that the dorsal endoderm located at the¯oor of the blastocoele that transiently expresses crescent in Xenopus is homologous to the avian hypoblast.
Crescent affects morphogenetic movements
In the chick, the second phase of crescent expression starts during gastrulation in cells of the head process that emerge from Hensen's node and migrate anteriorly to form the anterior endoderm and prechordal plate (Pfeffer et al., 1997) . Likewise, in Xenopus we detected crescent mRNA in the deep layer of the Spemann organizer and its descendants, the anterior pharyngeal endoderm and prechordal plate. These areas also express frzb-1 (Leyns et al., 1997;  this study) and a Wnt antagonist of a different class, Dkk-1 (Glinka et al., 1998) .
Transplantation experiments in frog and chick demonstrated that the prechordal plate has a strong head inducing potential (Bouwmeester et al., 1996; Pera and Kessel, 1997) . Could Frzb-1 and Crescent as components of the prechordal plate help mediate this activity? Perhaps, since overexpression in Xenopus showed that both crescent and frzb-1 RNA enlarged the Otx-2 domain in the CNS, and animal cap experiments indicate that both Frzb-1 and Crescent can promote ectoderm dorsalization in cooperation with other factors (Fig. 6) . The principal role of the prechordal plate in normal development, however, is the patterning of the overlying forebrain. In vertebrates, an initially singular eye ®eld in the anterior neural plate must be divided to allow the development of two separate eyes and of the ventral diencephalon (hypothalamus). Transplantation and explantation experiments in amphibia and the chick provided evidence that the prechordal plate is necessary and suf®cient to mediate these events (Pera and Kessel, 1997 and references therein) . Recently, several signaling factors have been identi®ed, which may execute this ventralizing activity of the prechordal plate. Genetic studies in mouse and zebra®sh together with ectopic expression experiments in chick, indicate an involvement of Sonic Hedgehog (Shh), BMP and Nodal signaling (Chiang et al., 1996; Dale et al., 1997; Pera and Kessel, 1997; Gritsman et al., 1999) . Since the secreted proteins Crescent, Frzb-1 and Dkk-1 are expressed in the prechordal plate at the time when the overlying neural plate is competent to respond to ventralizing signals (Leyns et al., 1997; Glinka et al., 1998 ; this study), they too are candidates to participate in the eye splitting event. Indeed, our injection experiments suggest that frzb-1 may enlarge the optic stalk at the expense of the retina. Blockage of Dkk-1 results in cyclopia (Glinka et al., 1998) , which further implies that inhibition of Wnt ligands may be essential for the ventralization of the forebrain. Thus, both Frzb-1 and Dkk-1 mimic the ventralization activity of the prechordal plate.
However, the situation for Crescent is different. Our injection experiments show that crescent overexpression represses rather than promotes the generation of bilateral eyes and of ventral forebrain. Our analysis with molecular midline markers suggests that the primary cause of the cyclopia, elicited by crescent overexpression, is not defective forebrain induction but rather a failure of the prechordal plate to form at the correct time and place to split the eye ®eld. crescent-injected embryos examined at neurula stage lacked expression of markers in the anterior tip of the midline. Thus, anterior midline structures including the prechordal plate are not properly positioned underneath the anterior CNS. Therefore, essential signaling factors such as Shh would not reach the eye ®eld to execute their ventral patterning activity and, as a consequence, the eye primordium remains fused.
In conclusion, injected frzb-1 and crescent have opposite effects on anterior midline development. Although both factors are endogenously expressed in the prechordal plate, the question remains open as to whether either or both of them participate directly in the splitting of the eye ®eld. The results of our overexpression experiments favor the idea that crescent overexpression perturbs the anterior progression of axial mesendoderm, thus indirectly affecting eye ®eld splitting.
3.4. Silberblick/Wnt-11 as a candidate target for Crescent?
The morphogenetic movement defect in injected embryos may provide a clue as to which the candidate Wnt targets of Crescent might be. Wnt-4, Wnt-5A and Wnt-11 impair convergence and extension movements in intact embryos and block activin-induced elongation of animal caps without altering mesoderm differentiation . Importantly, the recent demonstration that the zebra®sh silberblick (slb) locus encodes Wnt-11 and that slb/Wnt-11 is required for cells to undergo correct convergence and extension movements during gastrulation (Heisenberg et al., 2000) suggests that Wnt-11 could be a likely ligand for Crescent. The slb mutant phenotype is reminiscent of crescent-injected embryos. In both cases, the extent of anterior extension of axial mesendoderm and of the overlying CNS is disturbed, resulting in cyclopia and midline defects in the head. The possibility of Crescent as a Wnt-11 speci®c antagonist is further supported by recent experiments in Xenopus with a dominant-negative form of Wnt-11, which speci®cally inhibits gastrulation movements .
The anterior midline effects caused by the overexpression of crescent in Xenopus were stronger and more penetrant than those reported for the slb mutation. In slb/Wnt-11 mutants, cyclopia occurred in only half of the embryos and was less pronounced, as the eyes were narrowed, but not completely fused (Heisenberg et al., 2000 and references therein) . In our injection experiments, crescent resulted in complete fusion of the eyes with higher frequency. An additional copy of Wnt-11 may exist in zebra®sh, which underwent a genome duplication event (Amores et al., 1998) or, alternatively, Crescent may antagonize additional members of the Wnt family involved in morphogenesis.
Wnt-4, which is structurally most similar to Wnt-11, is abundant at late gastrula in the presumptive neural ectoderm (McGrew et al., 1992) . Overexpression of Wnt-4 in zebra®sh generates cyclopia, suggesting that Wnt-4 inhibits cell movements (Ungar et al., 1995) . A further candidate, Wnt-5A, is expressed throughout the animal hemisphere of the gastrula (Moon et al., 1993) . Knockout studies in mouse con®rmed a role of Wnt-5A in morphogenesis and extension of the anteroposterior body axis during gastrulation (Yamaguchi et al., 1999) . Thus, Crescent might inhibit the function of any member of the Wnt-5A subgroup. However, Wnt-11 is expressed in the mesoderm of Xenopus during gastrulation (Glinka et al. 1996; Tada and Smith, 2000) , making it a particularly attractive target.
Members of the Wnt-5A subgroup signal through an alternative pathway rather than the canonical Wnt pathway involving b-catenin (for review see Moon et al., 1997; Wallingford et al., 2000) . Recent experiments have shown that the effects of Wnt-11 on cell morphogenesis are mediated through Dishevelled (Dsh), but subsequent signaling events occur through a b-catenin-independent pathway Heisenberg et al., 2000) . Dsh controls cell polarity during convergent extension in Xenopus, and may signal through components similar to those of the planar cell polarity pathway in Drosophila (Wallingford et al., 2000) . With Wnt-11 as a potential target, Crescent may antagonize a subgroup of Wnts that do not signal via the canonical Wnt pathway. This would distinguish Crescent from other soluble Wnt antagonists described to date, whether belonging to the Frzb-1 family (sFRP-1, sFRP-2, Frzb-1, Sizzled) or structurally unrelated (Cerberus, Dkk-1, WIF), which inhibit Wnts that act through the canonical b-catenin-dependent pathway (Leyns et al., 1997; Wang et al., 1997; Salic et al., 1997; Glinka et al., 1997 Glinka et al., , 1998 Xu et al., 1998; Hsieh et al., 1999; Piccolo et al., 1999; Ladher et al., 2000) . Speci®c binding to members of the Wnt-1 class has been shown for Frzb-1 and sFRP-1 (Leyns et al., 1997; Wang et al., 1997; Xu et al., 1998) , Cerberus (Piccolo et al., 1999) and WIF-1 (Hsieh et al., 1999) .
Our results do not exclude that Crescent may also bind and inactivate members of the Wnt-1 subgroup. The dorsoanteriorizing activity of crescent observed after injection of RNA at high doses (increase in Otx-2, facilitation of neural induction by chordin in animal caps) could re¯ect an ability to also bind Xwnt-8 or other Wnt proteins that signal through the canonical b-catenin pathway. However, none of the known Wnt antagonists analyzed to date has yet been shown to bind members of the Wnt-5A subgroup (Wang et al., 1997; Hsieh et al., 1999) . Determining whether Wnt-11 or other members of this family binds Crescent will be a high priority for the future. In conclusion, Crescent affects morphogenetic movements unlike any other soluble Wnt antagonist characterized so far. Individual CRD-containing proteins may inhibit members of different Wnt classes that signal through different pathways, illustrating the speci®city of antagonistic actions in the extracellular space.
Experimental procedures
Expression cDNA libraries
Three plasmid libraries were analyzed. The ampli®ed cDNA library from Xenopus UV-ventralized stage 11 embryos in pcDNA3 (kind gift of Dr L. Zon, Boston) was transformed into TOP10F' bacteria (Invitrogen). Unampli®ed libraries from Xenopus LiCl dorsalized stage 11 and stage 6 embryos (prepared by Dr Oliver Wessely of this laboratory) in pCS21 (Turner and Weintraub, 1994) were transformed into XLBlueMRF' bacteria (Stratagene).
Secretion cloning
Bacterial clones from agar plates were picked with sterile toothpicks and cultured in 96-deep-well microtiter plates in 1 ml of Terri®c-broth (Sambrook et al., 1989) . Aliquots of 16 cultures were pooled, and plasmid DNAs isolated by miniprep (Qiagen). Human embryonic 293T cells (ATCC) were cultured in 24-well tissue culture plates using DMEM and 10% fetal calf serum. At 50±60% con¯uency, the cells were incubated for 12 h with 12.5 mM chloroquine (to inhibit lysosomal hydrolases), and transfected with 2 mg/ml plasmid DNA and 0.2 mg/ml pAdvantage-DNA (Promega) using the calcium phosphate method; after 12 h the medium was exchanged for fresh complete growth medium. Thirtysix hours after transfection, the cells were labeled with 100 mCi/ml 35 S-methionine/cysteine (Easy Tag Express   35 S Protein Labeling Mix, NEN) in 170 ml of serum-free medium (Piccolo et al., 1999) supplemented with 50 mg/ ml Heparin (Sigma). Thirty-six hours later, the culture media were harvested in Eppendorf tubes and cleared from cell debris by centrifugation at 800 £ g for 10 min at 48C. Aliquots of the supernatants were subjected to SDS gel electrophoresis in precast 4±20% gradient polyacrylamide gels (Biorad) under reducing conditions. The gels were ®xed in 10% acetic acid and 30% glycerol for 15 min, dried and exposed to a PhosphorImager screen (Molecular Dynamics) or X-OMAT (AR) ®lm (Kodak).
Positive clones were identi®ed by sib-selection. The 16 individual bacterial clones of each positive pools were regrown in squares of 4 £ 4 wells. Media from each row and column of the 96-well plate were subpooled, plasmid DNA prepared and retransfected. If two subpools in one row and one column yielded proteins of the same size as that of the original pool, a positive clone was identi®ed. This identi®cation was con®rmed by a third round of transfection of individual plasmid DNA. Positive clones were partially sequenced from the 5 H end on an automated DNA sequencer. Sequences (of about 500 nucleotides) were compared to public nucleotide and protein databases to reveal similarity to previously described proteins.
RNA synthesis
In situ hybridization probes for Otx-2, krox-20, rx-2A, vax-1, shh and gsc were synthesized as described (Pannese et al., 1995; Nieto et al., 1991; Mathers et al., 1997; Hallonet et al., 1999; Ekker et al., 1995; Steinbeisser and De Robertis, 1993) . For antisense RNA probes, pcDNA3-crescent was linearized with KpnI, pcDNA3-frzb-1 with EcoRI, pcDNA3-sfrp-2 with EcoRI, pcDNA3-sizzled with BamHI and pcDNA3-noggin with KpnI. All linearized pcDNA constructs were transcribed with SP6 RNA polymerase. To synthesize mRNAs for microinjection, the pcDNA3-plasmids of crescent, frzb-1 and sfrp-2 were linearized with XhoI and transcribed with T7 RNA polymerase as described (Sasai et al., 1994) .
Embryo manipulations
In vitro fertilized Xenopus embryos were maintained in 0.1£ Barth medium and staged according to Nieuwkoop and Faber (1994) . Microinjection, whole-mount in situ hybridization, animal cap assay and RT-PCR were performed as described (Sasai et al. (1994;  http://www.lifesci.ucla.edu/ hhmi/derobertis/index.html). In situ hybridization on embryos hemisectioned after the ®xation step was carried out in order to visualize expression in the internal endoderm.
